Summary: To evaluate the potential deleterious influence of oxygen-derived free radicals following hypoxia in a model of primary culture of neurons obtained from the fetal rat brain, superoxide radicals were measured as a function of time in the extracellular medium. Neuronal cells were grown for 8 days in the presence or absence of serum, then incubated in a buffered Krebs-Ringer solu tion containing 60 j..l. M acetyl-cytochrome c. The rate of superoxide radical formation was quantified spectropho tometrically by measuring the specific reduction of acetyl-cytochrome c. Under normoxic conditions (95% air-5% CO2), basal production of superoxide that in creased with time was recorded. It was significantly more
An increasing number of studies has outlined the importance of the formation of oxygen-derived free radicals in biological tissues. Such compounds may lead to lipid peroxidation and contribute to hypox ia-ischemia brain damage (Siesj6 et aI., 1989) , in cluding during the perinatal period (Pitkanen et aI., 1990) . Among the reactive oxygen species involved in brain damage, superoxide anion radicals may be generated from different sources such as mitochon dria, xanthine oxidase, metabolism of arachidonic acid, autoxidation of various compounds, and the respiratory burst of polymorphonuclear leukocytes (Chambers et aI., 1985; Jewett et aI., 1989; Turrens et al., 1991) . Superoxide radicals are then converted to hydrogen peroxide, either spontaneously or by pronounced in cells grown in serum-free medium. Under both culture conditions, acute hypoxia (95% N2-5% CO2) for 6 h increased superoxide radical amounts in the ex tracellular medium, and they were still enhanced 3 h after reoxygenation. The addition of superoxide dis mutase to the incubating medium abolished the detection of super oxide radicals. The present study describes a new reliable method for superoxide radical measurement in cells in vitro and demonstrates hypoxialreoxygenation-induced overproduction of superoxide in cultured neurons that may account for cell injury. Key Words: Acetyl-cyto chrome c-Hypoxia-Influence of serum-Neuron-en riched culture-Reoxygenation-Superoxide radicals.
the enzyme superoxide dismutase (SOD), and sec ondarily produce hydroxyl radicals. Such a produc tion of superoxide radicals occurs mainly during reoxygenation following hypoxia-ischemia, but also under basal conditions as well as during hyp oxic-ischemic insults, when tissues are exposed to very low oxygen concentrations (Demopoulos et aI., 1980) . Superoxide has been detected in the ex tracellular fluid of the newborn pig brain during postischemic reperfusion (Armstead et aI., 1988) , and it has been shown that superoxide radicals formed within the cell may reach the extracellular fluid via a diisothiocyano-2, 2-stilbene disulfonate (DIDS)-sensitive anion channel (Kontos et aI., 1985) .
Since oxygen-derived free radicals are highly re active compounds, and thus are very difficult to detect, we have developed a spectrophotometric method for the analysis of superoxide anion radical production in the surrounding medium of cultured neurons under basal conditions as well as following acute hypoxia, by measuring the specific reduction of acetyl-cytochrome c.
MATERIALS AND METHODS

Animals
When they were in the proestrus period, as shown by the observation of daily vaginal smears, Sprague-Dawley female rats (Iffa-Credo, L' Ar bresle, France) were housed together with males for 24 h. They were then maintained in separate cages, under standard laboratory conditions, on a 12: 12-h light/dark cycle (lights on at 0600) with food and water available ad libitum. All animal experimenta tion was carried out using the highest standards of animal care, according to the NIH Guide for Care and Use of Laboratory Animals.
Neuronal cell cultures
Neuronal cell cultures were obtained from 14-day-old rat embryo forebrain. Pregnant female rats were anesthetized with halothane and living em bryos were excised by cesarean section under ster ile conditions. Whole embryos were placed in cul ture medium previously equilibrated at 37°C, and forebrains were carefully collected. Neuronal cell suspensions were then obtained as described previ ously (Daval et al., 1991; Nicolas et al., 1994) . Brain tissues were dissected free of meninges and gently dispersed in a mixture of Dulbecco modified Ea gle' s medium (DMEM) and Ham' s F12 medium (50:50) supplemented with 5% inactivated fetal calf serum. After centrifugation at 700 g for 10 min, the pellet was redispersed in the same medium and passed through a 46-j.Lm-pore size nylon mesh. The density of the cell suspension was measured, and aliquots were transferred into 35-mm petri dishes (Falcon) precoated with polY-L-lysine to obtain a final density of 10 6 cells/dish. Cultures were kept at 37°C in a humidified atmosphere of 95% air-5% CO2 for 24 h, and the medium was then replaced with a fresh hormonally defined serum-free medium con sisting of the DMEM/Ham' s F12 mixture enriched with human transferrin (1 mM) , insulin (1 mM) , pu trescine (0.1 mM), progesterone (10 nM) , estradiol (1 pM), and Na selenite (30 nM) (Bottenstein and Sato, 1979) . Subsequent medium changes with se rum-free medium were performed twice a week. In separate experiments, cultured neurons were main tained in 2.5% fetal calf serum-supplemented me dium until the day of the experiment.
Hypoxia-reoxygenation exposure
After 8 days in vitro, a first set of culture dishes (n = 42) was incubated for 6 h under normoxic conditions with a standard gas mixture of 95% air-5% CO2, whereas a second set (n = 42) was de prived of oxygen by incubation for 6 h in a gas mixture consisting of 95% N2-5% CO2, All cultures J Cereb Blood Flow Metab. Vol. 15. No. 1. 1995 were finally returned to standard normoxic atmo sphere for 3 h.
Just prior to the beginning of the experiment (T = 0), and then immediately at the end of the hypoxic insult (T = 6 h) as well as at the end of the final exposure time (T = 9 h), aliquots of the cell incu bation medium were rapidly collected from repre sentative dishes using a sterile syringe and analyzed for their O2 and CO2 contents and pH by means of a gas analyzer (Corning, Halstead, UK), as de scribed by Sher (1990) .
At the end of the incubation period, cell morphol ogy was assessed by phase-contrast microscopic observations. Cultured cells were rinsed twice with 2 ml of 0.9% NaCI and finally scrapped off with 1 ml of 1 N NaOH for the determination of protein con centrations according to Bradford (1976) .
Superoxide radical measurement
The presence of superoxide radicals in the cell incubation medium was detected and then quanti fied by a second derivative spectrophotometric method based on a modification of the procedure described previously by Ghersi-Egea et al. (1991) , using acetyl-cytochrome c. Acetyl-cytochrome c was synthesized from acetic anhydride in half saturated sodium acetate, followed by four dialysis steps according to Azzi et al. (1975) . The concen tration of the acetyl-cytochrome c obtained was cal culated from its reduction spectrum, using an ex tinction coefficient of 19,000 M-1
• cm -1 , at 550 nm. The efficiency of the acetylation was checked by the inability of acetyl-cytochrome c to be re duced by a NADPH--cytochrome P-450 reductase containing preparation in the presence of NADPH.
Due to interference of the original culture me dium containing phenol red with the spectrophoto metric signal resulting from the reduction of acetyl cytochrome c, cultured neurons were rinsed twice, immediately before cell exposure experiments, with 2 ml of a sterile Krebs-Ringer solution (125 mM NaCl, 4.8 mM KC1, 1.2 mM MgS04, 1.3 mM CaCI2, 1.2 mM KH2P04, 5.6 mM glucose) buffered with HEPES (25 mM). Then, 1.5 ml of the buffer solu tion containing 60 j.LM acetyl-cytochrome c was added to each culture dish. Aliquots of culture in cubating medium were sampled at various time in tervals and analyzed for the amount of acetyl cytochrome c reduced. The simple measurement of the absorbance at 550 nm resulted in a lack of pre cision due to (i) changes in the volume of the me dium linked to potential evaporation and, therefore, in the acetyl-cytochrome c concentration in the cell dishes during the time course of the experiment and (ii) the overlapping of the absorption bands at 550
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Typical absorption spectra of an acetyl-cytochrome c-containing culture incubation medium. A: Baseline (bt) and standard spectrum. B: Second derivative spectrum. C: Sec ond derivative spectrum of the solution fully reduced by so dium dithionite. Note the different scales. The amplitudes of the second derivative spectra are expressed as a percentage of 1 Abs/nm 2 . In this assay, a 7.8% reduction of acetyl cytochrome c can be measured, and this corresponds to the appearance of 7.02 nmol of superoxide in the surrounding medium of the neuronal cell culture during the incubation period with acetyl-cytochrome c.
nm at a low reduced/oxidized acetyl-cytochrome c ratio (Fig. lA) . Therefore, the following procedure was adopted. The sample was diluted in degassed distilled water. The absorption and the second de rivative spectra were then recorded between 500 and 600 nm against distilled water in a double-beam spectrophotometer (Uvikon 820, Kontron). With respect to the assay conditions (i.e., scan speed, 100 nm/min; datum point interval, 4 nm; time con stant, 2 s), recording the second derivative spec trum allowed complete separation, at 550 nm, of the signal from the other signals issued from the Soret band absorption (Fig. lB) . The solution was then fully reduced by the addition of a few grains of so dium dithionite, and the second-order derivative was recorded again (Fig. Ie) . The amplitude varia tions d 2 Abs/d }"? were measured between the valley at 550 nm and the peak at 556 nm in both cases, and the amount of acetyl-cytochrome c reduced was ex pressed as the ratio of the amplitudes measured before and after the reduction of the preparation by sodium dithionite. The linearity of the second derivative signal as a function of the percentage of acetyl-cytochrome c reduced was assessed using double-compartment cuvettes (optical path, 0.5 em/compartment). One compartment contained a solution of oxidized acetyl-cytochrome c, while the other one contained a solution of fully reduced acetyl-ctyochrome c (48 ""M). Different dilutions of these solutions were used to obtain various "virtual" ratios of reduced to-oxidized acetyl-cytochrome c, the total concen tration being constant. For each assay, the second derivative spectra were recorded. As shown in Fig.  2 , the relation between the reduced/oxidized acetyl cytochrome c ratio and the second derivative signal was linear (r = 0.999 up to 40% of reduced acetyl cytochrome c, and r = 0.997 through the whole range of detection of acetyl-cytochrome c reduc tion). In addition, the detection threshold allowed accurate measurement of the reduction of 1 % of the total acetyl-cytochrome c present in the surround ing medium. This corresponds to the reduction of 0.9 nmol of acetyl-cytochrome c in a culture dish.
RESULTS
Neuronal cultured cells
Eight-day-old cultures grown in serum-free me dium on a polY-L-lysine substratum showed a very high percentage ( >97%) of living cells, as demon strated by Trypan blue exclusion, with very few «7%) non neuronal elements, i.e., glioblasts and fibroblasts, as shown previously in preliminary immunocytochemical characterization (data not shown). The cultures exhibited polygonal peri karya, with some cellular clumps, interconnect ed by a dense fiber network. In the presence of se rum-supplemented medium, similar development of cultured cells was observed, but the total percent age of nonneuronal elements, especially glial cells, tended to increase as a function of time.
Cell exposure to an anaerobic atmosphere for 6 h did not induce noticeable morphological alterations in cultured neurons observed 3 h after the end of the hypoxic insult. Likewise, protein levels (170 ± 14 jJ.g/dish, under serum-free medium conditions) did not differ significantly from controls (177 ± 11 jJ.g/ dish). Similar observations were made when cul tures were grown in serum-containing medium.
Characteristics of the extracellular fluid
As shown in Table 1 , exposure of the cultured neurons to an anaerobic environment for 6 h re duced the partial pressure of oxygen (Po2) in the incubation medium by 78%. Three hours after re turning to normoxic conditions, the P02 tended to remain lower than in control cultures. Whereas the Peo2 was not altered by hypoxia, the pH of the extracellular medium decreased compared to con trol values and was still low 3 h after the end of exposure to hypoxia (Table O .
Superoxide radical formation
The acetyl-cytochrome e incubated in the ab sence of cultured cells did not undergo detectable reduction for at least 24 h. The ratio of reduced-to oxidized acetyl-cytochrome c in aliquots of the sur rounding medium of the cultured cells was stable for 24 h at 4°C, and remained constant when the samples were diluted in distilled water, during the spectrophotometric recordings.
In control cultures grown in the absence of se rum, 4.3 and 6.2% acetyl-cytochrome el100 jJ.g of protein were specifically reduced after 6 and 9 h, J Cereb Blood Flow Metab, Vol. 15, No.1, 1995 respectively (Fig. 3) . This corresponds to 3.87 and 5.58 nmol of superoxide detected/100 jJ.g of protein.
The presence of 2.5% fetal calf serum in the culture medium for 8 days significantly reduced the produc tion of superoxide radicals.
Following hypoxia, a significant increase in the reduction of acetyl-cytochrome c could be mea sured in the medium of cultures grown in the ab sence of serum. It reached 53% at the end of expo sure to hypoxia and 66% 3 h later. When cells were cultured in the presence of serum, the reduction of acetyl-cytochrome c also increased during and after acute hypoxia but remained quite low compared to that of cultures maintained in serum-free medium (Fig. 3) . In all cases, the additional presence of SOD (1,330 U/mI) in the Krebs-Ringer solution during cell incubation totally abolished the reduction of acetyl-cytochrome c.
DISCUSSION
The present study reports a simple and easy spec trophotometric method for the evaluation of super oxide radical production in brain cells grown in vitro under various culture conditions and provides the first data on superoxide formation in cultured neurons exposed to hypoxia. in serum-free medium (SFM) and from two separate experi ments (n = 10) for cells grown in serum-supplemented me dium (SSM). When exposed to hypoxia, culture dishes were incubated for 6 h in 95% N 2 -5% CO 2 , Statistically significant difference from controls: *p < 0.05 and **p < 0.01 (Dunnett's t test for multiple comparisons).
Oxygen-derived free radicals are known to be generated in brain, kidneys, heart, lungs, intestines, and other organ systems during a variety of insults (Ganduel and Duvellerory, 1984; Granger et ai., 1986; Kontos, 1989) . Aerobic metabolism entails the production of oxygen species, even under basal conditions, and there is a continuous need for inac tivation of these derivatives, which are known to have deleterious effects by altering all types of bi ological molecules, including DNA, lipids, proteins, and carbohydrates. Thus, oxidative stress may be involved in processes such as mutagenesis, carci nogenesis, lipid peroxidation, membrane damage, and protein oxidation and fragmentation, as well as carbohydrate damage (Sies, 1993) .
The role of the superoxide radical produced by the one-electron reduction of dioxygen has been well documented, particularly in hypoxic-ischemic brain tissue injury and edema (Ikeda and Long, 1990) . However, the exact mechanism by which the excess of superoxide generation would exert toxic effects remains unclear. It has been demonstrated that during ischemic states, brain production of free radicals such as superoxide causes increased re lease of excitatory amino acids which are endowed with neurotoxic effects (Pellegrini-Giampietro et ai., 1990). Also, the free radical hypothesis in hyp oxic-ischemic cell injury shares a common path with the excitotoxic hypothesis, i.e., its depen dence on calcium (Orrenius et ai., 1989) , and it has been proposed that free radicals, either alone or in combination with excitatory amino acids, may en hance calcium influx and overload to exacerbate neuronal damage (Halliwell, 1992; Schurr and Rigor, 1992) .
Beside in vivo models, the in vitro approach ap pears more advantageous for answering cellular and molecular mechanistic questions. In particular, cell cultures are useful tools for studying the mecha nisms involved in cell death following hypoxia or ischemia. By manipulating the extracellular envi ronment, conditions that closely mimic what is thought to occur in vivo can be produced (Daval et al., 1991; Murphy and Horrocks, 1993) .
Cell cultures, especially primary cultures of neu rons, have been used to examine in detail the effects of hypoxia (Goldberg et ai., 1987a; Daval et ai., 1991) , hypoglycemia (Monyer et ai., 1989) , isch emia (Goldberg et ai., 1986) , or exposure to gluta mate (Choi et ai., 1987; Frandsen and Schousboe, 1991) . Although numerous parameters have been analyzed, very few studies, to our knowledge, have focused on the production of free radicals.
Detection of radical production has been difficult because of their short half-lives. Several investigators have used indirect methods, e.g., effects of ad ministration of radical scavengers or changes occur ring in endogenous scavengers (Flamm et ai., 1978; Yamamoto et ai., 1983) . More recently, in an at tempt to measure production of radicals in brain more directly, several techniques have been de scribed, including nitroblue tetrazolium (NBT) re duction (Armstead et ai., 1989) , chemiluminescence (Imaizumi et ai., 1984) , electron spin resonance (ESR) spectroscopy (Lai et ai., 1986; Zini et ai., 1992) , and salicylate trapping (Cao et ai., 1988) .
In cerebral preparations, the rate of enzyme mediated superoxide radical formation could be quantified by a spectrophotometric method measur ing the reduction of acetyl-cytochrome c with good specificity of the molecule reduction by superoxide anion (Ghersi-Egea et ai., 1991) . Based on this method, acetyl-cytochrome c was used in the present study to counteract radical shortcoming by "trapping" superoxide that has diffused through cell membranes to reach the extracellular medium, and the presence of superoxide was measured in the incubating medium of cultured neurons using a sec ond derivative spectrophotometric procedure. In the experiments described here, acetyl-cytochrome c is specifically reduced by superoxide radicals gen erated by the cells, as shown by the addition of SOD to the incubating medium, the enzyme being known to convert superoxide to hydrogen peroxide. In addition, the second derivative analysis of acetyl-cytochrome c reduction allows accurate measurement of superoxide radicals, since very low levels of superoxide can be repeatedly detected and quantified. However, it should be stressed that re duction of acetyl-cytochrome c reflects only the presence of superoxide anions that have reached the extracellular medium. Thus, only part of the superoxide generated by the cells can be detected. Therefore, such a technique does not allow deter mination of the total radical production.
Different techniques have been used to obtain cultured neurons from dispersed cells from mam malian brain. Several investigators have used cul ture media containing serum (Goldberg et ai., 1987b; Priestley et ai., 1990; Sher, 1990) , whereas others have preferred chemically defined media (Borg et ai., 1985; Weiss et ai., 1986; Daval 6t ai., 1991) . Both conditions allow development of cells in vitro with fidelity to normal electrophysiological, neurochemical, and morphological differentiation in the intact animai. The presence of various concen trations of serum improves cell survival for several weeks, but nonneuronal cells are also able to sur vive and proliferate. On the other hand, chemically defined, serum-free media permit selective growth 1.-L. DA VAL ET AL. and maturation of neurons but impair long-term cell survival.
In control cultures grown in serum-supplemented medium, very low, but detectable, production of superoxide radicals, which increased as a function of time, was measured in the present study. Basal superoxide production was more than fourfold higher in the incubating medium of neurons cul tured without serum. Although the additional pres ence of serum may lead, after 1 week in vitro, to slightly different cell populations, such a difference in the radical production might account for the re duced lifetime of cultures grown in serum-free me dium compared to cultures maintained in the pres ence of serum.
Immediately after a 6-h exposure to hypoxia, the amount of superoxide measured in the incubating medium increased significantly, and was higher even 3 h after the onset of reoxygenation. The re duction of acetyl-cytochrome c was significantly enhanced compared to that under control normoxic conditions, whether cells were cultured in the pres ence or in the absence of serum. Although the total production of superoxide was more important in cultures kept in serum-free medium, the increased reduction of acetyl-cytochrome c over basal values tended to be higher in cultures grown with serum.
The increase in superoxide generation following hypoxia and reoxygenation was not accompanied by significant morphological alterations of the cul tured cells. Accordingly, it is known that hypoxic cell damage appears later, i.e., 3 days after the in sult (Daval et aI., 1991) .
The evolution of physiological variables in the incubation medium of cultured neurons shows a sig nificant hypoxia-induced reduction of pH values, which remain low during the reoxygenation period. Several reports have emphasized the role of acido sis in hypoxic neuronal cell injury, and it has been shown that tissue acidosis may promote the iron catalyzed formation of free radicals (Pulsinelli et aI., 1985; Rhencrona et aI., 1989) . However, recent data have suggested that moderate acidosis may ac tually play a neuroprotective role during hypoxia ischemia (Tombaugh and Sapolsky, 1993) . The main route of superoxide production in our model possibly involves mitochondria. Indeed, reoxygen ation following hypoxia-ischemia was shown to convert xanthine dehydrogenase to xanthine oxi dase, which catalyzes the generation of superoxide radicals (Parks et aI., 1988) . In our experiments, the measurement of superoxide indicates an important production of radicals during exposure to hypoxia, as reflected by the radical amounts found in the incubation medium immediately at the end of the J Cereb Blood Flow Metab, Vol. 15, No.1, 1995 exposure period, and not just following reoxygen ation. In addition, xanthine oxidase activities do not exist in hearts of many animal species, including humans, while ischemia-reperfusion heart tissue damage also exists in these individuals (Werns and Lucchesi, 1990) . Very recently, Nohl et aI. (1993) provided data that clearly demonstrated that hyp oxia-ischemia impairs mitochondrial energy con servation and triggers superoxide release as a by product of respiration.
In conclusion, second derivative spectrophoto metric measurement of the specific reduction of acetyl-cytochrome c added to the extracellular me dium of cultured neurons appears to be a conve nient and reliable means for quantifying the pres ence of superoxide radicals and, thus, evaluating radical generation by the cells in vitro. A basal su peroxide formation that increases with time, and is significantly higher in neuronal cells cultured in the absence of serum, was shown. Acute hypoxia en hances radical production, especially during the reoxygenation period, and this phenomenon may account for cell injury. Such a technique may be used to analyze superoxide production by different cell types under various conditions and should be useful in pathological, pharmacological, or toxico logical studies.
